Background
==========

We have previously shown that maternal protein restriction in rats and mice at critical stages of development modulates lifespan of the offspring \[[@B1]-[@B4]\]. Using cross-fostering techniques, it was found that exposure to pre-natal maternal protein restriction followed by nursing by a control dam led to rapid \'catch-up\' growth post-natally \[[@B5]\] and a reduced natural lifespan in male offspring in comparison to controls that were adequately nourished throughout development. Conversely exposure to maternal protein restriction whilst suckling was shown to lead to a slowing of growth \[[@B5]\] and an increased lifespan \[[@B1]-[@B4]\]. While the effects appeared to be stronger in males, possibly due to gender differences in renal antioxidant capacities \[[@B6]\], such trends were also evident in female offspring.

It was found that these alterations in longevity were associated with differences in age-related shortening of renal telomeres (the complexes of DNA and protein found at the end of chromosomes) \[[@B2]\]. Animals that were exposed to maternal protein restriction whilst suckling were shown to have slower rates of telomere shortening. Such changes in telomere length were not found in the liver and brain from these animals, implicating the kidney as being particularly vulnerable to the effects of the nutritional deficit at different stages of development. Since renal disease is a common cause of death in male rats \[[@B7]\], the finding of changes in kidney telomere length implicates altered renal function as a possible cause of the observed alterations in longevity. The present study was therefore designed to investigate whether there were differences in renal function in terms of albuminuria in male rats which were exposed to maternal protein restriction either *in utero*or whilst suckling.

Methods
=======

Animals
-------

All procedures involving animals were conducted under the Animals (Scientific Procedures) Act (1986). Virgin female Wistar rats with initial weights of 235--250 g, were maintained individually at 22°C on a controlled twelve hour light-dark cycle in standard cages in a conventional, non-barriered animal facility. They were mated and assumed to be pregnant when a vaginal plug was observed. From this time onwards they were randomly assigned one of two diets (both from Hope Farms, Woerden, The Netherlands). The control diet contained 20% (w/w) protein, 63.2% (w/w) carbohydrate, 4.3% (w/w) fat, 5% (w/w) vitamin and mineral mixture and 15370 kJ/kg energy, as described previously \[[@B5]\]. The low protein (isocaloric) diet contained 8% (w/w) protein, 76.2% (w/w) carbohydrate, 4.3% (w/w) fat, 5% (w/w) vitamin and mineral mixture and 15280 kJ/kg energy. Each dam remained on its respective diet throughout pregnancy and lactation. All animals were allowed to eat *ad libitum*throughout and had free access to water.

Offspring from a total of 11 mothers on the control diet and 5 mothers on the low protein diet were studied. Spontaneous delivery took place on day 22 of pregnancy. Mean litter sizes were 13 for rat dams fed either the 20% or isocaloric 8% protein diets. Control animals (n = 6 litters, 4 animals from each of them making a total of 24) were male offspring of dams fed the 20% protein diet throughout pregnancy and lactation. Two days after birth their litter sizes were standardised to eight pups (four males and four females, chosen randomly). Recuperated animals (n = 5 litters, 4 animals from each of 3 different litters and a further 2 from each of 2 different litters (making a total of 16), the lower number from these litters being due to one maternal low-protein-fed litter having a deficit of male offspring and one mother displaying standard infanticide behaviour \[[@B8]\]) were male offspring of dams who were fed the 8% protein diet. Two days after birth their litter sizes were standardised to four randomly chosen male pups and from this time until weaning they were cross-fostered and suckled dams fed the 20% protein diet. Post-natal low protein animals (PLP) (n = 5 litters, 4 animals chosen randomly from each of them making a total of 20) were male offspring of dams who were fed the 20% protein diet. Their litter sizes were not standardised (all male and female pups being allowed to reach weaning) but from two days after birth they were cross-fostered and suckled dams fed the 8% protein diet. All offspring (control, recuperated and PLP) were weaned onto a diet containing 19.6% (w/w) protein, 49.1% (w/w) digestible carbohydrate, 3.0% (w/w) fat, 3.4% (w/w) vitamin and mineral mixture and 14000 kJ/kg energy, at 21 days of age (LAD1 from Special Diet Services, Witham, U.K.). The study only investigated the male rats since these were the ones whose alterations in lifespan had previously reached statistical significance \[[@B1]\]. Each of these rats was weighed weekly.

Laboratory analyses
-------------------

Urine samples were collected from the rats housed in metabolic cages over 24 h. periods on a monthly basis. Samples were frozen at -20°C prior to analyses. Urine albumin concentrations were measured by enzyme linked immunosorbent assays \[[@B9]\] according to the manufacturer\'s instructions (using Rat Albumin kits from Immunodiagnostic Systems Ltd., Boldon, Tyne & Wear, U.K.). Creatinine concentrations were measured using a modified Jaffé reaction \[[@B10]\] (with kits supplied by Sigma Diagnostics, Poole, Dorset, U.K.). Monthly urine collections continued until the first rat had died (at ten months of age from natural causes, i.e. there was no major pathological cause of death being found at post-mortem examination). At this age blood samples (1 ml) were taken from the remaining animals\' tails at the end of the last period of urine collection. The blood was centrifuged at 3,000 g for 10 min. and the plasma separated and frozen at -20°C prior to analyses. Plasma creatinine concentrations were measured to allow the calculation of creatinine clearances by multiplying the 24 h. urine volume by its creatinine concentration and dividing it by the plasma creatinine concentration. At this stage the animals were then killed in order to remove and then weigh their kidneys (full urine albumin data sets being required for the repeated measure ANOVA analyses, making the study unsuitable to function as a longevity experiment).

Statistical analyses
--------------------

Rat urine albumin excretions were analysed and are presented as both 24 h. excretion rates (which are free from laboratory errors in creatinine measurements) and albumin/creatinine ratios (which are free from laboratory errors in 24 h. urine volume collection and timing). Overall longitudinal rat albumin excretion rates and ratios were compared across the groups using repeated measures ANOVAs using the \'group\', i.e. control, recuperated or PLP, as the between-subjects factor and the albumin measurement as the within-subjects factor on natural logarithmically-transformed data. Mauchly\'s test was used to assess sphericity and non-sphericity was corrected for using the Greenhouse-Geisser correction \[[@B11]\]. Post-hoc comparisons between the groups were performed using the Bonferroni correction. Where the analysis was cross-sectional rather than longitudinal due to only single measurements being taken, such as for kidney weight and creatinine clearance data, results were analysed using the Kruskal Wallis analysis of variance by ranks. Where there were only two groups to compare, such as for the body weights of the rats at 2 days of age, the Mann Whitney U test was used. P \< 0.05 was considered statistically significant throughout. Due to much of the data not being normally distributed prior to transformation, data are shown as geometric mean (95 % confidence interval) unless otherwise stated. Statistical analyses were performed using SPSS for Windows (version 10.1.3; SPSS Inc., Chicago, U.S.A.).

Results
=======

Body and kidney weights
-----------------------

Pups born to protein restricted mothers were significantly lighter at two days of age than those that were normally nourished (6.4 (6.0\~7.3)g (n = 16 animals from 5 different litters) v. 7.0 (6.5\~7.6)g (n = 44 animals from 11 different litters); p \< 0.02). The weights of some of the male rats were recuperated using cross fostering techniques with dams fed the control diet. They exhibited rapid catch-up growth prior to weaning so that at 21 days of age their body weights were indistinguishable from those of the controls (50.7 (48.4\~57.1)g (n = 16 animals from 5 different litters) v. 52.2 (47.3\~56.0)g (n = 24 animals from 6 different litters), p = 0.8). After weaning their body weights continued to be indistinguishable from those of the controls throughout (Fig. [1](#F1){ref-type="fig"}). In contrast the PLP pups exhibited a slowing down of growth, so that by 21 days of age they were significantly lighter than the controls (24.8 (21.1\~25.6)g (n = 20 animals from 5 different litters); p \< 0.001). After weaning they continued to gain weight but at a lower trajectory than the other two groups (Fig. [1](#F1){ref-type="fig"}).

![**Weights of rats whose mothers had been fed diets differing in their protein contents**. There were three groups of male rats: those whose mothers were fed a diet containing 20% protein throughout pregnancy and lactation (\'control\'; n = 24 animals from 6 different litters; relatively large solid squares), those that were born to dams fed the 8% protein diet but were subsequently cross-fostered by dams fed the 20% protein diet (\'recuperated\'; n = 16 animals from 5 different litters; open circles) and those that were born to control dams but were subsequently cross-fostered by dams fed a diet containing 8% protein (\'post-natal low protein\'; n = 20 animals from 5 different litters; solid circles). Data are medians.](1471-2369-7-14-1){#F1}

The first animal to die (at 10 months of age) came from the recuperated group. Kidney weights at 10 months of age in the PLP group were significantly lower than in the other two groups: (controls 5.51 (5.00\~6.78)g (n = 24 animals from 6 different litters); recuperated 5.35 (4.67\~5.64)g (n = 15 animals from 5 different litters); PLP 4.04 (3.90\~4.21)g (n = 20 animals from 5 different litters); p \< 0.001). This was still evident when the weights were corrected for body weights: (controls 0.67 (0.63\~0.77)%; recuperated 0.61 (0.55\~0.69)%; PLP 0.59 (0.57\~0.63)%; overall p = 0.002; in both experimental groups a lower percentage of total body weights were attributable to the kidneys: recuperated p \< 0.05, PLP p \< 0.001).

Urine albumin excretions and albumin/creatinine ratios
------------------------------------------------------

Fig. [2](#F2){ref-type="fig"} shows the urine 24 h. albumin excretions and albumin to creatinine ratios in the three groups. Overall 24 h. urine albumin excretion rates (F = 97.82; Greenhouse-Geisser correction with 5.53 degrees of freedom, p \< 0.001) and urine albumin to creatinine ratios (F = 56.39; Greenhouse-Geisser correction with 5.07 degrees of freedom, p \< 0.001) were significantly different between the three groups. Estimated marginal geometric mean (95 % confidence interval) daily albumin excretions were: controls 19.5 (14.0\~27.1) mg/day (24 animals from 6 different litters), recuperated 18.6 (12.4\~27.8) (16 animals from 5 different litters), PLP 4.2 (2.9\~6.0) (20 animals from 5 different litters). Control and recuperated animals therefore had significantly higher albuminuria excretion rates than PLP animals (both p \< 0.001), but had albuminuria excretion rates that were indistinguishable from each other (p = 1.00). Estimated marginal geometric mean (95 % confidence interval) albumin to creatinine ratios were: controls 79.5 (57.2\~110.6) g/mol (24 animals from 6 different litters), recuperated 71.0 (47.4\~106.5) (16 animals from 5 different litters), PLP 21.2 (14.7\~30.4) (20 animals from 5 different litters). Like with the 24 h. urine albumin excretions, control and recuperated animals had significantly higher urine albumin to creatinine ratios than PLP animals (both p \< 0.001), but had ratios that were indistinguishable from each other (p = 1.00).

![**Albuminuria levels in rats whose mothers had been fed diets differing in their protein contents**. There were three groups of male rats: those whose mothers were fed a diet containing 20% protein throughout pregnancy and lactation (\'control\'; n = 24 animals from 6 different litters; diagonal bars), those that were born to dams fed the 8% protein diet but were subsequently cross-fostered by dams fed the 20% protein diet (\'recuperated\'; n = 16 animals from 5 different litters; vertical bars) and those that were born to control dams but were subsequently cross-fostered by dams fed a diet containing 8% protein (\'post-natal low protein\'; n = 20 animals from 5 different litters; solid black bars). Fig. 2a shows daily albumin excretion rates and Fig. 2b shows albumin to creatinine ratios. Data are medians (interquartile ranges).](1471-2369-7-14-2){#F2}

From three months of age there was a significant difference in urine albumin excretions (p \< 0.001) and albumin to creatinine ratios (p \< 0.001) between the groups, with the PLP rats having lower albumin excretions (p \< 0.001) and albumin to creatinine ratios (p \< 0.001) than control and recuperated animals (which themselves were indistinguishable p = 0.9 and 1.0, respectively). This trend continued until 10 months of age by which time there were no differences in either urine albumin excretions (p = 0.1) or albumin to creatinine ratios (p = 0.3). However, at this age the creatinine clearances of the PLP animals were significantly lower (p = 0.001) than those of the recuperated group (control group: 1.85 (1.60\~2.23)ml/min.; recuperated group: 2.10 (2.02\~2.19)ml/min.; PLP group: 1.65 (1.41\~1.97)ml/min.; overall p = 0.006).

Discussion
==========

The present study has shown that in rats exposed to maternal isocaloric protein restriction during the first few weeks of life there were significant and long-lasting reductions in urinary albumin excretion that were detectable as early as three months of age. Previously such rats had been shown to have increased natural lifespans \[[@B1],[@B2]\], especially in comparison to animals exposed to maternal protein restriction *in utero*who were subsequently cross-fostered by animals who were fed a diet containing a normal protein content. A role for the kidney in mediating the alterations in lifespans was suggested by the differences found in renal telomere lengths (unlike telomere lengths from the brains and livers), where relatively longer telomeres were found in kidneys from 13-month-old animals exposed to maternal protein restriction in the first few weeks of life \[[@B2]\]. The kidney appears to be particularly susceptible to effects associated with maternal protein restriction during pregnancy or lactation as in the present study we have confirmed the finding that maternal protein restriction during pregnancy leads to reductions in kidney weights that are greater than reductions in overall body weights \[[@B5]\] and others have demonstrated faster age-related deterioration in kidney function in offspring of pregnant rats fed a low protein diet that was supplemented with methionine \[[@B12]\]. Since albuminuria is able to cause renal damage \[[@B13]-[@B15]\], results from the present study would be entirely consistent with the suggestion that the increased lifespans and decreased renal telomere shortening observed in rats whose mothers were protein restricted whilst lactating might be directly attributable to the reduced albuminuria observed in such animals.

In the present study urinary albumin excretion in these rats exposed to maternal protein restriction whilst lactating appeared to be modest throughout life, whereas urinary albumin excretion in control rats and rats exposed *in utero*to maternal protein restriction, tended to increase with age up to around eight months and then drop to levels similar to those observed in the post-natally exposed rats. This pattern is different to what we have previously observed when using rats that had not been exposed to altered maternal diets and who were housed in individually ventilated cages \[[@B6]\]. These rats have considerably longer lifespans, however, in comparison to those used in the current study (unpublished observations), associated with being housed in a cleaner facility and therefore may well have experienced the drop in urine albumin excretion rates like that observed in the present study, just at an older age. Proteinuria (in particular albuminuria) has been traditionally used as a marker of glomerular leakage, but can also be an independent agent of renal damage \[[@B13]-[@B15]\]. As such, through a complex series of reactions \[[@B16]\], persistent heavy proteinuria may ultimately lead to renal inflammation and fibrosis. We have hypothesised that shortening of telomere lengths occurs through free radical production, with subsequent cellular senescence and finally apoptosis \[[@B6],[@B17]\]. In fact the fall in albuminuria in the control and recuperated groups, at around nine months of age in the current study, may have been due to excessive fibrosis-related glomerular closure rather than a reduction in the leakiness of the remaining glomeruli.

The higher creatinine clearances at ten months of age in the recuperated group (who may possibly have reduced glomerular loads \[[@B18]-[@B20]\]) (relative to the rats exposed to post-natal maternal protein restriction) may reflect a hyperfiltration relative to that of the PLP rats, similar to what is seen early in the course of diabetic nephropathy \[[@B18],[@B21]\] (which in itself is observed earlier in diabetics born with low birth weight who probably have fewer glomeruli \[[@B22]\]). In our rats, reducing maternal protein intake in early post-natal life appears to afford the kidneys long-lasting protection against future age-related disease. Reducing total calorie intake has long been known to reduce kidney pathology and increase lifespan in rats \[[@B23]\]. Our rats who were exposed to maternal protein restriction whilst suckling eat less than other rats after weaning \[[@B24]\], which may therefore explain their renal protection.

It has been hypothesised that the cycle of leaky glomeruli, proteinuria, cell damage including the formation of oxygen free radicals and a shortening of renal telomeres and further leakiness of glomeruli leads to apoptosis and fibrosis of nephrons \[[@B16]\]. Furthermore it was suggested that normally the removal of a few malfunctioning nephrons would be beneficial for survival since there is spare functional capacity of the kidney, which allows the well-functioning nephrons to survive and therefore overall kidney function to be maintained \[[@B16]\]. There would only be a problem if the spare functional capacity of the kidney were reduced, such as may be found in people (or animals) with low birth weight and a reduced complement of nephrons \[[@B19],[@B20],[@B25]\]. Such a mechanism is thought to explain the link between low birth weight and the earlier development of kidney disease in people with diabetes \[[@B22],[@B26]\]. Whilst undoubtedly some of the mechanism thought to be involved in this programmed suicide of the nephron \[[@B16]\] has been gained from studies performed in rats, leading some to question its validity in humans \[[@B27]\], telomere shortening with age has previously been observed in human kidneys \[[@B28]\] enhancing its potential relevance. There are a number of other similarities between our rat model and humans which have exhibited catch-down post-natal growth, namely being both thinner \[[@B2],[@B29]\] and more insulin sensitive \[[@B30],[@B31]\]. A study of the effect of rapid post-natal weight gain against a background of poor fetal growth on long-term kidney function in humans would therefore appear to be important.

Conclusion
==========

This study has shown long-lasting diminished albumin excretion rates in adult rats exposed to maternal protein restriction whilst suckling as pups, using a rat model where the animals had previously been shown to have increased natural lifespans \[[@B1],[@B2]\] and a slower rate of shortening of kidney DNA telomeres \[[@B2]\]. As albuminuria is an independent cause of nephron damage \[[@B13]-[@B15]\], the reduced albuminuria is likely to protect against age-related loss of renal function \[[@B16]\] in these rats and may contribute to their increased natural lifespans. Such findings are consistent with the \"suicide of the nephron\" hypothesis \[[@B16]\].
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